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Proteolysis Contributes to the Exclusive
Centromere Localization of the
Yeast Cse4/CENP-A Histone H3 Variant
of rapid soluble histone degradation mediated by the
Rad53 protein kinase [10]. Here we investigate Cse4
protein stability and its relationship to the exclusive cen-
tromeric localization of CenH3.
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We analyzed Cse4 stability by repressing translation
and monitoring protein levels in wild-type and cim3-1
temperature-sensitive mutant cells that are defective inSummary
ubiquitin-mediated proteolysis [11]. After shifting cells
to the nonpermissive temperature, we added cyclohexi-Kinetochores are the specialized protein structures
that form on centromeric DNA and direct chromosome mide. The majority of Cse4 was degraded within 30
min in wild-type cells (Figure 1A). Cse4 was completelysegregation. It is critical that all chromosomes assem-
ble a single kinetochore every cell cycle. One hallmark stable in the cim3-1 mutant cells, indicating that its deg-
radation was proteasome-mediated.of all eukaryotic kinetochores is CENP-A, an essential
centromeric histone H3 (CenH3) variant. Overexpres- We next tested if ubiquitin is conjugated to the Cse4
protein. Overexpressed Cse4 was immunoprecipitatedsion of CENP-A causes mislocalization to euchroma-
tin, which could lead to deleterious consequences be- from wild-type and cim3-1 mutant cells (Figure 1B).
There were slower-migrating Cse4 forms that were rec-cause CENP-A overexpression is associated with
colorectal cancer [1, 2]. Although CENP-A protein lev- ognized by ubiquitin antibodies and increased in inten-
sity in cim3 mutant cells. Ubiquitinated Cse4 was alsoels are important for genomic stability, little is known
about the mechanisms of CenH3 regulation. Here, we detected when endogenous Cse4 was immunoprecipi-
tated from wild-type cells (data not shown).show that the levels of the budding yeast CenH3, Cse4,
are regulated by ubiquitin-proteasome-mediated pro-
teolysis. Because mutation of all Cse4 lysine residues Elimination of All Cse4 Lysine Residues
Does Not Completely Stabilize the Proteindid not completely stabilize the protein, we isolated a
dominant lethal mutant, CSE4-351, that was stable. To analyze the consequences of defects in Cse4 degra-
dation, we attempted to eliminate the ubiquitinationThe Cse4-351 protein localized to euchromatin, sug-
gesting that proteolysis prevents CenH3 euchromatic sites. Cse4 contains 16 lysine residues that could serve
as sites for ubiquitin conjugation. When individual lysinelocalization. When wild-type Cse4 was fused to a de-
gron signal, the soluble Cse4 protein was rapidly de- residues were mutated to arginine and the mutant pro-
teins were analyzed for stability, there was no singlegraded, but the centromere bound Cse4 was stable,
indicating that centromere localization protects Cse4 lysine residue that was responsible for Cse4 degrada-
tion (data not shown). Because additional lysine muta-from degradation. Taken together, these data identify
proteolysis as one mechanism that contributes to the tions did not stabilize Cse4, we constructed the Cse416R
mutant, in which all 16 lysines were mutated to arginine.restricted centromere localization of the yeast CenH3.
In addition, 13 Myc epitope tags were fused to the amino
terminus (Myc-Cse416R) in an attempt to eliminate poten-Results and Discussion
tial NH2-terminal ubiquitination [12]. Overexpression of
the MYC-CSE4-16R gene was able to complement aAll eukaryotic centromeres contain a histone H3 variant
called CENP-A (for review, see [3]). CENP-A can replace cse4 deletion, indicating that the mutations do not abol-
histone H3 in nucleosomes in vitro, suggesting that cen- ish the essential function. Overexpressed Cse4 was im-
tromeres likely contain specialized nucleosomes [4]. munoprecipitated from cim3-1 mutant cells to determine
CenH3 variants localize exclusively to kinetochores and whether Myc-Cse416R was ubiquitinated. The ubiquitin
have not been detected at other chromosomal loci [5–7]. conjugates that are visible on wild-type Myc-Cse4 were
However, the mechanisms that prevent CenH3 from lo- not detected on the Myc-Cse416R protein (Figure 1C).
calizing to euchromatin and the factors responsible for We next quantified the stability of the Myc-Cse416R
centromeric targeting are unknown. protein and found that although it was substantially
Budding yeast have simple point centromeres and are more stable than wild-type Cse4, it was still degraded
an excellent model system to study CenH3 localization (Figure 1D). We also found that the degradation kinetics
requirements. Cse4 expression can rescue a reduction of the wild-type and Myc-Cse416R proteins were not lin-
in mammalian CENP-A levels, suggesting there is some ear, which was consistent with our observation that
functional conservation [8]. However, unlike CENP-A, there are at least two Cse4 pools that differ in stability
Cse4 overexpression does not have a phenotype or lead (see below). Because Myc-Cse416R was also degraded
to mislocalization ([9]; data not shown). Overexpression in cells in which it was the only source of Cse4, dimeriza-
of the yeast canonical histones is not lethal because tion with wild-type Cse4 is not responsible for the degra-
dation (data not shown). In addition, an HA-epitope-
tagged Cse416R protein was also unstable, suggesting*Correspondence: sbiggins@fhcrc.org
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Figure 1. Cse4 Degradation by Proteasome-
Mediated Proteolysis Is Partially Abolished
by Elimination of All Lysines
(A) Wild-type (JY128) and cim3-1 (JY138)
temperature-sensitive strains were shifted to
the nonpermissive temperature (37C) for 30
min, and cycloheximide was added. Lysate
immunoblots prepared at the various time
points (min) with anti-Cse4 antibodies show
that Cse4 is degraded in wild-type cells but
is stable in cim3-1 cells.
(B) Wild-type (SBY2540) and cim3-1 strains
(SBY2541) containing pGAL-CSE4 were in-
duced with galactose for 2 hr and then shifted
to the nonpermissive temperature (35C) for
4 hr. Cse4 was immunoprecipitated, and im-
munoblots with anti-Cse4 antibodies or anti-
ubiquitin antibodies show that there are
higher molecular weight Cse4 forms that are
ubiquitin conjugates. * denotes the Cse4 anti-
body (Ab) heavy chain.
(C) Cim3-1 mutant strains containing either
pGAL-Myc-CSE4 (Myc-WT, SBY3735) or
pGAL-Myc-CSE416R (Myc-16R, SBY3736)
were grown as described in (B). Cse4 was
immunoprecipitated with anti-Myc antibod-
ies and immunoblotted with either anti-Myc
or anti-ubiquitin antibodies. The ubiquitin
conjugates on the wild-type protein are not
detected on Myc-Cse416R.
(D) Myc-Cse4 (SBY3570) or Myc-Cse416R
(SBY3571) were grown at 30C in galactose
for 2 hr, and cycloheximide was added. Ly-
sate immunoblots prepared at the various
time points (min) with anti-Myc antibodies
show that the Myc-Cse416R mutant is more
stable than wild-type Cse4 but is still de-
graded. The relative amount of Cse4 at each
time point was quantified and normalized to
tubulin levels and is indicated under each
lane. Tubulin (Tub1) is shown as a loading
control in (A) and (D).
that the tag did not alter the stability (data not shown). of a proteolysis defect. This suggests that proteolysis
prevents Cse4 from euchromatic localization.The stability of Myc-Cse4 and Myc-Cse416R in rad53 mu-
tant cells was the same as in wild-type cells (see Figure
S1 in the Supplemental Data available with this article Cse4-351 Is a Stable, Dominant Lethal Mutant
online), indicating that Rad53 does not regulate CenH3 that Localizes to Euchromatin
levels as it regulates the canonical histones. Because the lysine-free Cse4 protein was not fully stabi-
Because there was substantially more Myc-Cse416R lized, we sought to identify completely stable mutants.
protein compared to that in wild-type cells, we analyzed The overexpression of canonical histones is lethal to
its cellular distribution. Although overexpressed wild- rad53 mutant cells because the histones are not de-
type Cse4 is present in chromatin, as determined by graded [10]. We therefore reasoned that overexpression
cofractionation with lysine-4 dimethyl histone H3 (K4- of a completely stable Cse4 protein might be toxic. The
Me2 H3), a portion of Myc-Cse416R was present in both pGAL-CSE4 gene was mutagenized, and mutants that
fractions (Figure 2A). The increase in chromatin bound did not grow on galactose media were isolated. The
Myc-Cse416R was surprising because Cse4 localization Cse4-351 mutant was completely stable, resulting in
is normally restricted to the centromere. We therefore extremely high protein levels (Figure 3A). Sequencing
analyzed the chromosomal localization of the excess of CSE4-351 revealed 14 amino acid changes scattered
Myc-Cse416R protein. Chromosome spreads were per- throughout the gene (Figure S2). No single causative
formed to remove the soluble material and allow visual- mutation could be identified, which was consistent with
ization of the chromosomal Cse4 [13]. Overexpressed our finding that single mutations reverted back to wild-
Myc-Cse4 was found in discrete dots characteristic of type abolished the lethal phenotype (data not shown).
yeast kinetochores in 94% of the nuclei (Figure 2B). Overexpression of CSE4-351 was toxic to wild-type
However, Myc-Cse416R overexpression led to overall nu- cells (Figure 3B). After 4 hr in galactose media, 75%
clear staining in 80% of the nuclei, indicating that the of the cells overexpressing CSE4-351 had large buds,
partially stable mutant localizes to euchromatin. There- whereas 21% of wild-type cells did. The majority of cells
fore, similar to mammalian CENP-A, Cse4 can localize were blocked in metaphase with a single mass of DNA
and a short spindle. However, the expression of CSE4-to euchromatin when the levels are increased because
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in glucose or galactose media, and ChIP was performed
(Figure 3E). Whereas wild-type Cse4 was only detected
at the centromere, the Cse4-351 protein was detected
at the nonspecific euchromatin loci PGK1, HMR, and
TEL6, supporting the conclusion that maintaining low
levels of Cse4 prevents euchromatin localization.
Centromere Bound Cse4 Is Stable
Our discovery that Cse4 is degraded led us to question
whether centromere bound Cse4 is also unstable. To
analyze Cse4 stability at the centromere, we added
cycloheximide to wild-type cells for 60 min, and Cse4
localization was assayed by ChIP. Although the majority
of Cse4 was degraded, Cse4 was still detected at the
centromere by ChIP (data not shown). To further test
Cse4 stability at the centromere, we fused Cse4 to the
N-degron sequence to allow it to be targeted for degra-
dation [14]. Transcription of the degron-CSE4 gene is
repressed by doxycycline, and the protein is targeted
for ubiquitin-mediated proteolysis by the N-end rule.
When the overexpressed degron-CSE4 gene was the
sole copy of CSE4 in the cell, it was functional for growth.
Although the degron-Cse4 protein was not detectable
on an immunoblot 30 min after doxycycline addition
(Figure 4A), Cse4 was still centromere bound up to 2 hr
Figure 2. The Overexpressed Myc-Cse416R Mutant Protein Localizes after repression when analyzed by ChIP (Figure 4B).
to Euchromatin
Therefore, centromeric Cse4 is protected from prote-
(A) Extracts (Ex) from cells grown at 30C and expressing pGAL-
olysis.MYC-CSE4 (SBY3570) or pGAL-MYC-CSE4-16R (SBY3571) were
We report here that the budding yeast centromericfractionated into soluble (S) and chromatin fractions (P) and immu-
histone H3 variant is polyubiquitinated. Proteolysis maynoblotted with either anti-Myc or anti-K4-Me2 H3 antibodies. Al-
though the wild-type Cse4 protein is entirely present in the chromatin be a conserved mode of regulating the centromeric his-
fraction, the Myc-Cse416R protein is present in both the soluble and tone variant because the mammalian homolog CENP-A
chromatin fractions. undergoes destruction when cells are infected with her-
(B) Myc-Cse4 (SBY3570) and Myc-Cse416R (SBY3571) were overex-
pes simplex virus [15]. However, it is not known whetherpressed from the galactose promoter and localized on chromosome
other CenH3 proteins use proteolysis to aid in restrictingspreads. DAPI staining recognizes the DNA (left), and anti-Myc stain-
their localization to the centromere.ing (right) recognizes Cse4. Although wild-type Cse4 (top panels)
localizes in discrete kinetochore clusters, the nondegradable Myc- Eliminating all of the Cse4 lysine residues only partially
Cse416R mutant (bottom panels) localizes to euchromatin. stabilized the protein. Additional mechanisms may
therefore regulate Cse4 stability, or the amino terminus
351 did not lead to activation of the DNA damage, DNA may be ubiquitinated at an undetectable level. Unlike
replication, or spindle checkpoints that halt the meta- the canonical histones, Cse4 degradation does not de-
phase to anaphase transition (data not shown). In addi- pend on Rad53. One possibility is that Cse4 can be
tion, Rad53 hyperphosphorylation, a marker for DNA targeted for destruction by interacting proteins such as
damage, was not detected when CSE4-351 was overex- kinetochore or histone proteins that are also degraded.
pressed (Figure 3C). Therefore, CSE4-351 overexpres- Decreases in Cse4 ubiquitination led to an elevation of
sion causes a lethal block in metaphase without detect- both soluble and chromatin bound protein. The excess
able activation of a cellular checkpoint. We also tested chromosomal Cse4 localized to euchromatin, sug-
whether CSE4-351 was lethal when expressed from its gesting that proteolysis is important to maintain the ex-
native promoter. Although CSE4-351 that was under the clusive centromere localization. Because elimination of
control of the endogenous promoter could not comple- the lysine residues and the attempt to block the amino
ment a deletion in CSE4, it partially rescued the cse4-323 terminus did not completely stabilize the protein, we
and cse4-327 temperature-sensitive mutations (data not isolated a stable mutant, Cse4-351. Although the par-
tially stable Myc-Cse416R mutant did not kill wild-typeshown). Therefore, the CSE4-351 mutations partially in-
activate the function of Cse4, creating a lethal pheno- cells, overexpression of the stable Cse4-351 mutant was
toxic. This is likely due to both differences in the stabilitytype when overproduced.
We next analyzed the distribution of the excess Cse4- of the Myc-Cse416R and Cse4-351 mutant proteins and
also the additional mutations in the Cse4-351 protein.351 protein. Chromosome spreads revealed that, similar
to overexpression of the Myc-Cse416R protein, Cse4-351 We did not detect activation of any cellular checkpoints
or mislocalization of any kinetochore protein to euchro-overexpression led to euchromatin localization (Figure
3D). In a complementary experiment, we performed matin except Mif2 when Cse4-351 was overexpressed
(data not shown). Therefore, Cse4-351 may cause globalchromatin immunoprecipitation (ChIP) analysis. Cells
containing the Cse4-myc or Cse4-351-myc proteins un- transcriptional defects or inhibit proteolysis of proteins
important for the metaphase to anaphase transition byder the control of the galactose promoter were grown
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Figure 3. The Dominant Lethal Cse4-351 Mu-
tant Protein Is Stable and Localizes to Eu-
chromatin
(A) Cells containing pGAL-CSE4 (SBY1812)
or pGAL-CSE4-351 (SBY1738) were grown at
23C in galactose for 2 hr, and cycloheximide
was added. Immunoblotting with anti-Cse4
antibodies shows that the Cse4-351 protein is
stable. Tubulin is shown as a loading control.
(B) Five-fold serial dilutions of wild-type cells
(CSE4, SBY3) or cells overexpressing wild-
type CSE4 (pGAL-CSE4, SBY1812) or CSE4-
351 (pGAL-CSE4-351, SBY1738) were plated
onto glucose or galactose plates at 23C. The
overexpression of CSE4-351 is toxic.
(C) Cells containing the Cse4-351 and Rad53-
HA proteins (SBY3433) were grown in galac-
tose media for the indicated times (hr). One
sample was also treated with hydroxyurea
(HU) as a control. Immunoblotting with anti-
HA antibody showed that the Rad53 mobility
shift that occurs upon activation of the DNA
damage checkpoint does not occur when
Cse4-351 is expressed.
(D) Chromosome spreads on cells containing
pGAL-CSE4 (SBY1813) or pGAL-CSE4-351
(SBY2172) show that overexpressed Cse4 lo-
calizes to kinetochores, but the Cse4-351
mutant protein colocalizes with DNA on the
euchromatin.
(E) PCR on ChIP from cells expressing pGAL-
CSE4-MYC (SBY1071) or pGAl-CSE4-351-
MYC (SBY2562) and grown in glucose or ga-
lactose media for 4 hr. The Myc-tagged Cse4
proteins were immunoprecipitated with anti-
Myc antibodies, and then PCR was per-
formed on 5-fold serial dilutions of crude ly-
sates (CL) or ChIP samples (Ch). The PCR
primers recognize centromere 3 (CEN3), the
nonspecific arm locus PGK1, the HMR locus,
or telomere 6 (TEL6) and show that whereas
wild-type Cse4 protein localizes exclusively
to the centromere, the Cse4-351 mutant pro-
tein localizes to all genomic regions tested.
overwhelming the proteasome. Regardless of the mech- low frequency. We hypothesize that the protection of
centromeric bound Cse4 and the degradation of misin-anism of lethality, the isolation of Cse4-351 indicates
that abolishing Cse4 proteolysis can have lethal conse- corporated protein help to ensure that Cse4 localizes
exclusively to centromeric DNA.quences in the context of additional Cse4 mutations
and underscores the importance of regulating CenH3
levels. Because CENP-A overexpression has been de- Supplemental Data
tected in primary human colorectal cancer tissues, Detailed Experimental Procedures, Supplemental Figures, and a
Supplemental Table are available at http://www.current-biology.com/maintaining low levels of CenH3 may be important to
cgi/content/full/14/21/1968/DC1/.preserve genomic integrity [1].
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Figure 4. Centromere Bound Cse4 Is Pro-
tected from Destruction
Doxycycline was added to degron-CSE4
(SBY2439) cells grown at 23C for the indi-
cated times (min) and then processed for im-
munoblotting or ChIP.
(A) Immunoblotting against Cse4 shows that
the protein is no longer detectable 30 min
after doxycycline addition.
(B) PCR on the ChIP from the same experi-
ment was performed at the indicated times
(min) with primers to centromere 3 (CEN3)
or a nonspecific arm locus (PGK1). Five-fold
serial dilutions of the crude lysates (CL) and
one chip sample (Ch) are shown. Cse4 still
localized to the centromere when the protein
could no longer be detected on immunoblots.
(C) Model for Cse4 localization to centro-
meres. There is a small pool of Cse4 that
is loaded onto centromeric chromatin by an
unknown loading factor. At some low fre-
quency, Cse4 may also localize to euchroma-
tin. When the kinetochore assembles, it pro-
tects centromere bound Cse4 from the
proteolysis that destroys any soluble or mis-
localized Cse4, aiding in the exclusive centro-
mere localization of Cse4.
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